Optical communications networks require integrated photonic components with negligible polarization dependence, which typically means that the waveguides must feature very low birefringence. Recent studies have shown that waveguides with low birefringence can be obtained, e.g., by use of silica-onsilicon waveguides or buried ion-exchanged glass waveguides. However, many integrated photonic circuits consist of waveguides with varying widths. Therefore low birefringence is consequently required for waveguides having different widths. This is a difficult task for most waveguide fabrication technologies. We present experimental results on waveguide birefringence for buried silver-sodium ion-exchanged glass waveguides. We show that the waveguide birefringence of the order of 10 Ϫ6 for waveguide mask opening widths ranging from 2 to 10 m can be obtained by postprocessing the sample through annealing at an elevated temperature. The measured values are in agreement with the values calculated with our modeling software for ion-exchanged glass waveguides. This unique feature of ion-exchanged waveguides may be of significant importance in a wide variety of integrated photonic circuits requiring polarizationindependent operation.
Introduction
Efficient optical routing is a key requirement to meet the increasing demand for higher system transmission capacities in optical communications networks. Dense wavelength division multiplexing is the leading technology used in optical routing. This technology is implemented with various integrated optical components including add-drop filters and phasedarray wavelength multiplexers and demultiplexers. Planar waveguides used in these components need to feature efficient coupling with fiber, low propagation loss, and negligible birefringence. The first two requirements are obvious from a power consumption point of view; the last requirement results from the fact that the single-mode optical fiber used in longhaul transmission systems is not polarization maintaining. Therefore polarization insensitivity in connecting waveguide components is a crucial requirement to be fulfilled to avoid polarizationdependent performance. However, this is not a simple task since, unlike fibers, waveguides typically lack cylindrical symmetry, increasing form birefringence. In addition, waveguide fabrication processes induce stresses resulting in birefringence, which is difficult to eliminate. Several approaches to reduce or compensate for birefringence have been suggested in connection with the leading waveguide technology, silica-on-silicon. These include stress reduction by etching strainrelieving grooves on both sides of the waveguide 1,2 or by growing additional material layers on top of the waveguide. 3, 4 Albert et al. 5 showed that waveguide birefringence can be reduced by trimming the waveguide by UV illumination. A similar approach with CO 2 laser ablation was suggested by Canning and Åslund. 6 Integration of birefringencecompensating devices into the chip has also been demonstrated. 7 The major drawback common in all these methods is that they require additional processing steps and therefore increase the complexity of the device fabrication.
In this paper we study birefringence properties of buried Ag ϩ -Na ϩ ion-exchanged glass waveguides, the other widely employed glass waveguide technology. Special emphasis is put on the effect of waveguide width on waveguide birefringence, which is of crucial importance in some devices. 8 This technology was chosen since glass waveguides fabricated by ion exchange feature good mode matching with optical fibers, low propagation loss, and low birefringence in general. 9 -13 The processing of ion-exchanged waveguides is simple, and they can be easily integrated with other passive or active waveguide components on glass substrates. We demonstrate that low birefringence, of the order of 10 Ϫ5 or below, can be obtained in buried Ag ϩ -Na ϩ ion-exchanged waveguides for a wide range of waveguide widths. This is in contrast to silica-on-silicon waveguides for which low birefringence is attainable only for a rather limited range of waveguide widths. 14 To further reduce waveguide birefringence we utilize the feature that, in Ag ϩ -Na ϩ ion-exchanged waveguides, the stress-induced birefringence can be fully compensated by matching the form birefringence through thermal annealing. The effect of thermal annealing on waveguide birefringence is studied by annealing and characterizing the sample in steps. In Section 2 we describe the ion exchange modeling. In Section 3 we present the ion exchange and burial processes for waveguide fabrication and the annealing process for birefringence reduction. In Section 4 we describe the characterization of the waveguides, and in Section 5 we present the results and discussion. Finally in Section 6 we provide a brief conclusion of our results.
Modeling
Waveguide birefringence is a sum of form and stressinduced birefringence. In buried silver-sodium ionexchanged waveguides, birefringence from these two sources has opposite signs. Form birefringence favors greater effective refractive index for the quasi-TE mode because the index profile has wider lateral dimensions. This is in contrast to the stress-induced birefringence that favors typically greater effective refractive index for the quasi-TM mode. This is due to the proximity of the glass-air interface that makes it possible for the glass to expand slightly in the direction normal to the surface, thus relaxing the stresses and induced index increase in that direction. By adjusting the form and stress-induced birefringence, zero-birefringence waveguides can be created.
In ion exchange the ions participating in the process have different electronic polarizabilities and different ionic radii and therefore produce a useful refractive-index change between the substrate and the exchanged area. 15 The differing ionic radii also produce stress that is closely related to the birefringence formation because the thermal expansion experienced by the ion-exchanged glass region and the substrate are different. 16 In Ag ϩ -Na ϩ exchange, compressive stress is produced as the sample cools down since the ionic radius of the silver ion is larger than the ionic radius of the sodium ion. The refractive indices for quasi-TE and quasi-TM modes depend on the stress components x , y , and z in the following way 16 :
where n 0 is the refractive index without stress, and C 1 and C 2 are the elasto-optical coefficients ͑C 2 Ͼ C 1 ͒. The x, y, and z directions are defined as in Fig. 1 . Since diffusion has a greater extension in the y direction than in the x direction and since the waveguide can slightly expand along the normal to the surface, the stress component in the x direction is smaller than in the y direction ͑ x Ͻ y ͒. 16 It can be therefore concluded from Eqs. (1) and (2) that compressive stress favors a larger value for n TM . Exact values for elasto-optical coefficients and stress components in BGG31 glass used in this study are not known, and the measurement of these constants is an elaborate process. Therefore Eqs. (1) and (2) are shown only to qualitatively explain the stress-induced index change in ion-exchanged waveguides, but it is not included in our waveguide modeling.
Modeling of the ion exchange process involves solving for the time evolution of normalized Ag
and is described in detail in Ref. 17 . Here, D Ag and D Na are the self-diffusion coefficients of silver and sodium ions, respectively, and M ϭ D Ag ͞D Na is their ratio. E ext is the applied electric field and T, k, and q are the absolute temperature, Boltzmann constant, and the electron charge, respectively. When M differs from unity, E ext is nonhomogeneous in the vicinity of the waveguide and must be determined numerically. Equation (3) is solved numerically by the Peaceman-Rachford alternating direction implicit method, 18 which combines efficiency and stability over a wide range of processing parameters. After the process has been modeled, a semivectorial finitedifference method 19 is employed to determine the effective indices of the guided modes. Note that waveguide stress is not accounted for in our model.
Fabrication
Waveguides with mask opening widths from 2 to 10 m were constructed in BGG31 glass by Ag ϩ -Na ϩ ion exchange. Surface channel waveguides fabricated in this way were then buried below the glass surface to reduce propagation losses and to obtain circular waveguides matching well with the fibers. Burial also significantly reduces the birefringence by reshaping the index profile.
The process starts with 200᎑nm-thick titanium layer deposition followed by standard lithography. The titanium layer is used as a diffusion mask during the thermal ion exchange. Ion exchange was performed in a 1:1 AgNO 3 :NaNo 3 melt at T ϭ 280°C for 4500 s. After the ion exchange, the titanium mask was etched away and the waveguides were buried by field-assisted burial. The burial was done for 2400 s at T ϭ 250°C with an applied voltage of U ϭ 320 V across a 2᎑mm-thick substrate. Further details of the process have been described in Ref. 20 . With these process parameters, waveguides are buried 5.7-6.8 m deep in the glass substrate depending on the mask opening width. Mode intensity profiles of the waveguides for two mask opening widths fabricated by Ag ϩ -Na ϩ ion exchange are presented in Fig.  1 . The mode intensity profile for a single-mode fiber is shown as a comparison. The waveguide mode profiles are almost circular and slightly smaller than the single-mode fiber mode intensity profile as can be seen from Fig. 1 . Further reduction of birefringence can be obtained through annealing at an elevated temperature.
Characterization
We determined the waveguide birefringence using the difference interferometer approach described in Ref. 21 . A schematic of the setup is depicted in Fig. 2 . First, a linear polarizer at a 45°angle with respect to the horizontal axis launches orthogonal TE and TM modes with equal amplitudes into the waveguide. Within the waveguide a phase shift ⌬⌽ between the TE and the TM modes is accumulated:
where n TE and n TM are the effective refractive indices of the TE and TM modes, L is the length of the sample, and 0 is the free-space wavelength ͑ 0 ϭ 1550 nm͒. After the beam emerges from the output end of the waveguide, the half-wave plate rotates the polarization state by twice the azimuthal angle. The intensities both in the horizontal and in the vertical directions are detected with an InGaAs detector. Next, a quarter-wave plate producing a phase shift of ͞2 between the TE and the TM modes is added to the setup, and the horizontal and vertical intensities are once again measured. The setup also consists of an infrared camera that is used to check that the laser power is coupled to the mode under study. Birefringence values are extracted from the four intensities measured by Jones matrix algebra for polarization states. 22 Details of the procedure are presented in Appendix A. Since the method described in Appendix A makes no difference between 2 multiples, the sample was diced into two pieces with lengths of one third and two thirds of the original sample. Birefringence of both pieces was measured, and the sum birefringence was observed to be equal to the birefringence of the full length sample guaranteeing that no 2 multiples were included in the original result.
Results
Waveguides with mask opening widths of 2 and 3 m were observed to be purely single mode at 1550 nm. Waveguides with mask openings above 3 m were multimode but it was still possible to couple light mainly to the fundamental mode except for the waveguide made with a 10᎑m mask opening. We measured propagation losses to be below 0.15 dB for all mask opening widths using the method described in Ref. 23 .
The results of the measured and modeled birefringence as a function of a mask opening width are presented in Fig. 3 . The measured birefringence is very low, of the order of 10 Ϫ5 or below, for all mask opening widths. The accuracy of the measurement was estimated to be 1 ϫ 10
Ϫ6
. Birefringence increases linearly as a function of a mask opening width. This results from the fact that the waveguide index profile in wider waveguides is more elliptical, increasing the form birefringence, while the stress-induced birefringence has much smaller dependence on the waveguide width. The modeled birefringence values exhibit the linearly increasing trend as well as a function of a mask opening width. However, the modeled values are slightly higher since the effect of the stress is not included in our model.
The ellipticity of the waveguide index profile can be significantly reduced by thermal annealing. During the annealing, silver ions further diffuse and the index profile becomes more symmetric. The more the sample is annealed, the smaller the form birefringence becomes, and the more dominant the stressinduced birefringence becomes. Since stress-induced Fig. 2 . Measurement setup used to determine the waveguide birefringence of channel waveguides. Linearly polarized light at 0 ϭ 1550 nm is coupled to the sample with a 20ϫ objective. After the beam emerges from the sample it travels through a 20ϫ objective, a ͞2 plate at an angle of 22.5°, and a rotatable analyzer to the InGaAs detector. The setup also includes a movable ͞4 plate at an angle of 45°. All angles are presented with respect to the horizontal axis.
birefringence favors a larger value for n TM , birefringence eventually changes the sign after annealing long enough.
We studied the effect of thermal annealing by placing the sample into the oven at 250°C first for 15 min and then for three successive 30᎑min durations. Birefringence was measured after each annealing step. The results are depicted in Fig. 4 . After 45-min annealing, birefringence for waveguides with mask opening widths below 4 m is already negative. Also, birefringence for wider waveguides has reduced significantly. By further annealing, birefringence for all the waveguides becomes negative and it starts to saturate to the stress-induced value. It can be concluded that for each waveguide there is a point at which the form and stress-induced birefringence cancel each other and zero net birefringence is produced.
The above experiments suggest that, by annealing the sample long enough, the form birefringence eventually disappears and all that is left is the stressinduced birefringence. Annealing has only a minor effect on the stress-induced birefringence. Because of the nature of the diffusion process, the form birefringence is expected to release according to the function y͑t͒ ϭ a exp͑bt 2 ͒ ϩ c, where a, b, and c are the fitting parameters to be found. To study this statement, the birefringence values obtained after each annealing step were fitted to this function for different mask opening widths. Gaussian fits for the narrowest and the widest waveguide widths are shown in Fig. 5 .
The saturation values for birefringence are depicted in Fig. 6 . Birefringence has a Gaussian decay for all waveguides and saturates between Ϫ4.1 ϫ 10 Ϫ6 and Ϫ0.38 ϫ 10 Ϫ6 depending on the mask opening width. The results presented in Fig. 6 suggest that stress-induced birefringence is more pronounced for waveguides with narrower lateral dimensions, but the dependence on the waveguide width is not as strong as in the case of form birefrin- gence. However, it is possible that the wider waveguides have not yet reached their saturation values and further annealing would reduce the dependence on waveguide width even more. Small deviations from the linear dependence can be observed for the waveguides with mask opening widths of 6 and 8 m. For these two waveguides the saturation value is lower than the one predicted by the general trend by approximately 1 ϫ 10
. Both of the waveguides are multimode, and it is possible that light was not coupled optimally to the fundamental mode during measurements. The uncertainty in the fitting procedure is therefore relatively large due to the accumulated inaccuracy in the subsequent measurements. The fitting procedure would have been more accurate if a shorter annealing step had been used. This was limited by the stability of the annealing oven. Temperature fluctuations in the beginning of each annealing step become more and more pronounced for shorter annealing steps.
Conclusions
We have demonstrated very low ͑ϳ10
Ϫ6
͒ waveguide birefringence in ion-exchanged glass waveguides for mask opening widths from 2 to 10 m. To our knowledge, this is the first time that low birefringence has been presented for such a wide range of waveguide widths. In silica-on-silicon waveguides low birefringence is achieved only for rather restricted waveguide widths. 14 Also the birefringence in silicaon-silicon waveguides is usually higher, typically of the order of 10
Ϫ5
. 24, 25 This birefringence is low enough for most dense wavelength division multiplexing components, but in many sensor applications birefringence should be even lower, of the order of 10
Ϫ7
. 11, 12 In our study, waveguides above a 3᎑m mask opening width are multimode. This is usually an unfavorable state of matters, but in some applications, like in an add-drop filter presented in Ref. 8 , multimode waveguides with low birefringence are specifically needed. The observed birefringence is a result of form and stress-induced birefringence. We were able to reduce significantly the form birefringence by annealing the sample. In addition, it was shown that zero-birefringence waveguides can be created by properly choosing the annealing time. Low birefringence and the consequential minimal polarization-dependent loss are favorable features in many dense wavelength division multiplexing components.
Appendix A: Birefringence Characterization
We extract the retardance angle ⌬⌽, as defined in Eq. (4), from the data utilizing Jones matrix algebra. 22 The polarization state of the incident beam entering the sample is
where E x, y in are the electric field amplitudes along the x and y directions and I 0 is the total intensity of the field. The polarization state after the sample and the bare half-wave plate can be presented by the electric field
The polarization state after the sample, half-wave plate, and quarter-wave plate is
In Eqs. (A2) and (A3), J ͞2 , J ͞4 , and J s are the Jones matrices corresponding to the half-wave plate, the quarter-wave plate, and the sample, respectively. The Jones matrix can be represented in a general form as where ⌿ is the azimuthal angle of the corresponding polarization element and ⌫ is the phase difference caused by the element. The azimuthal angle and the phase retardance for the half-and quarter-wave plates and for the sample are shown in Table 1 
